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Necrotic fatLipids play a role in acute pancreatitis (AP) progression. We investigate the ability of pancreatic acinar cells to
trigger inﬂammatory response in the presence of lipid compounds generated in necrotic areas of peripancreatic
adipose tissue (AT) during AP induced in rats by 5% sodium taurocholate. Lipid composition of AT was analyzed
by HPLC–mass spectrometry. Acinar inﬂammatory response to total lipids as well as to either the free fatty acid
(FFA) fraction or their chlorinated products (Cl-FFAs) was evaluated. For this, mRNA expression of chemokine
(C-C motif) ligand 2 (CCL2) and P-selectin as well as the activation of MAPKs, NF-κB and STAT-3 were analyzed
in pancreatic acini. Myeloperoxidase (MPO) activity, as an inducer of Cl-FFA generation, was also analyzed in AT.
MPO activity signiﬁcantly increased in necrotic (AT-N) induced changes in lipid composition of necrotic fat, such
as increase in FFA and phospholipid (PL) content, generation of Cl-FFAs and increases in saturated FFAs and in the
poly-:mono-unsaturated FFA ratio. Total lipids fromAT-N induced overexpression of CCL2 and P-selectin in pan-
creatic acini as well as MAPKs phosphorylation and activation of NF-κB and STAT3. FFAs, but not Cl-FFAs, up-
regulated CCL2 and P-selectin in acinar cells. We conclude that FFAs are capable of up-regulating inﬂammatory
mediators in pancreatic acini and given that they are highly produced during AP, mainly may contribute to the
inﬂammatory response triggered in acinar cells by fat necrosis. No role is played by Cl-FFAs generated as a result
of neutrophil inﬁltration.gía y Farmacología, Ediﬁcio
lamanca, Spain. Tel./fax: +34© 2014 Elsevier B.V. All rights reserved.1. Introduction
Acute pancreatitis (AP) is an inﬂammatory disease whose mecha-
nisms are extensively studied in order to ﬁnd out the cause of the pro-
gression of the disease to a mild or severe form. A common feature in
clinical and experimental AP is the increased plasma levels of pancreatic
enzymes, lipase and phospholipase among them, as a result of the
abnormal release from the damaged pancreas [1]. Furthermore, it has
been reported that obesity increases the risk of developing severe AP
[2] and patients with severe AP present higher amounts of fat in the
abdominal area [3]. Thus, data strongly suggest that the generation of
free fatty acids (FFAs) as a result of the lipolytic action of pancreatic
enzymes on the neighbor adipose tissue contributes to aggravate AP.
Serum FFA levels have been related to the severity of AP [4]. In fact,
circulating FFAs have demonstrated to contribute to complications in
the course of AP, both in the lungs and kidneys [5,6]. Locally, FFAs may
also cause damage and necrosis, because of their cytotoxic [6–8] andpro-inﬂammatory effects [7,9,10]. Consequently, necrosis in the abdom-
inal adipose tissue (peripancreatic, retroperitoneal, mesenteric and
omental fats) has been evidenced in severe AP [11].
A massive inﬁltration of neutrophils within the pancreas and
peripancreatic fat occurs during AP, which is especially marked around
necrotic areas [12]. These cells release myeloperoxidase (MPO), a
hemeprotein which catalyzes a reaction between chloride and hydro-
gen peroxide to produce hypochlorous acid (HOCl), a potent oxidizing
and chlorinating compound capable of attackingmany biological mole-
cules. HOCl easily reacts with unsaturated fatty acyl chains resulting in
the formation of chlorohydrins [13]. These products could also poten-
tially aggravate AP by inducing different deleterious effects, including
destabilization of cell membrane, cytotoxicity and expression of pro-
inﬂammatory genes [7,10,14]. Franco-Pons et al. [15] identiﬁed some
chlorohydrins of fatty acids (Cl-FFAs) in necrotic areas of adipose tissue
of experimental AP and demonstrated that they exert pro-inﬂammatory
effects in peritoneal macrophages.
As pancreatic acinar cells have demonstrated to be an important
source of inﬂammatorymediators during AP [16], our aimwas to inves-
tigate the inﬂuence of lipid derivatives released from peripancreatic
necrotic adipose tissue during severe AP on the inﬂammatory response
developed by acinar cells, evaluating the role of FFAs and Cl-FFAs.
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2.1. Chemicals
Sodium taurocholate (NaTc), buprenorphine, hexadecyltrimethyl-
ammonium bromide (HDTAB), tetramethylbenzidine (TMB), collagenase
type XI, N-(2-hydroxyethyl) piperazine-N′-(2-ethanesulfonic acid)
(HEPES), aminoacidmixture, bovine serum albumin (BSA), soybean tryp-
sin inhibitor (STI), phenylmethanesulfonyl ﬂuoride (PMSF), dithiothreitol
(DTT), digitonin, protease inhibitor cocktail, phosphatase inhibitor cock-
tail, Tween 20 and Nonidet P-40 were supplied by Sigma Chemical Co.
(Madrid, Spain). Other standard analytical grade laboratory reagents
were obtained fromMerck (Darmstadt, Germany).
2.2. Animals
MaleWistar rats (250–300 g bodyweight) were supplied by the ex-
perimental animal service of the University of Salamanca (Spain). They
were housed individually in cages,maintained at 22± 1 °C using a 12-h
light/dark cycle and fedwith standard laboratory chow (Teckled-Harlan
2014, Mucedola, Milan, Italy) and tap water ad libitum. The animals
were fasted overnight before the experiments but they were allowed
free access to water. The study was performed in accordance with
European Community guidelines (2010/63/EU) and approved by
the Institutional Animal Care and Use Committee of the University of
Salamanca (Spain).
2.3. Experimental model of AP
Under anesthesia with 2%–3% isoﬂuorane, Forane® (Abott, Madrid,
Spain), severe AP was induced by sodium taurocholate (NaTc) accord-
ing to the method of Aho and Nevalainen [17]. Brieﬂy, after laparotomy
the hepatic duct was transiently clamped at the liver hilius while 0.1 ml
of a sterilized solution of 5% NaTcwas retrogradely infused into the bile-
pancreatic duct at a ﬂow rate of 0.03 ml/min using a perfusion pump
(Bio-Rad). The same procedure was applied to control rats but received
normal saline (NaCl 0.9%) instead of NaTc. Postoperative analgesia was
maintained by intramuscular injection of buprenorphine (0.2 mg/Kg).
Six hours after surgery peripancreatic adipose tissue was collected,
being necrotic patches selectively chosen in rats with AP. Samples
were immediately frozen and stored at−80 °C until used.
2.4. Lipid extraction
Samples of adipose tissue of either controls or rats with APwere ho-
mogenized in phosphate-buffered solution (PBS) and lipid extraction
was carried out using chloroform/methanol/water (2:2:1), according
to themethod of Bligh and Dyer [18]. Organic solvents were evaporated
to dryness under nitrogen stream and after weighing the samples were
taken up in PBS and aliquoted for: a) analysis of lipid composition,
b) studies with pancreatic acini and c) obtention of the FFA fraction.
To collect the fraction containing FFAs, samples resulting from the
lipid extraction were sonicated to form micelles and then incubated
with lipase (3000 U/L) for 1 h at 37 °C. After evaporating to dryness
they were resuspended in chloroform–acetic acid (100:1) and applied
to a silica C18 reverse-phase Sep-Pak column (Waters, Milford, MA).
The column was eluted with additional chloroform–acetic acid (100:1)
to collect the FFA fraction. The recovery of FFA was greater than 99%.
2.5. Preparation of chlorohydrins of fatty acids (Cl-FFAs)
FFAs obtained from control adipose tissue were incubated with a
10-fold molar excess of sodium hypochlorite (NaOCl) at pH 6.0 for 1 h.
To remove the excess of NaOCl, the incubation mixture was passed
through reverse C18 phase Sep-Pak columns and eluted with
chloroform:acetic acid (100:1). Standards of Cl-FFAs were obtained asdescribed byWinterbourn et al. [13]. Micelles of individual unsaturated
FFAs (C16:1, C18:1, C18:2, C20:1, C20:4) (Sigma, Madrid, Spain) were
prepared in PBS and treated with NaOCl at room temperature. The
efﬁciency of chlorination was greater than 97%.
2.6. Lipid analysis by mass spectrometry
After removing the solvents, sampleswere re-dissolved inmethanol
and injected onto aHigh Performance Liquid Chromatography andMass
Spectrometry (HPLC–MS) device, which consists of a Waters Alliance
2795 system connected to a Waters ZQ4000 (Milford, MA) operated in
the either negative or positive electrospray ionization mode for FFA
and Cl-FFA or phospholipid (PL) determination, respectively. Full-scan
spectra from 150 to 1000 m/z were acquired. The analytical column
was a 30 mm × 2.1 mm internal diameter, 2.7-μm Ascentis express C8
(Supelco, Bellefonte, PA, USA) and the mobile phases were phase A:
H2O/HCOOH (0.1% v/v) and phase B: acetonitrile (AcN). A linear gradi-
ent from 30% B to 100% B was run in 20 min with the column held at
30 °C. Compounds were identiﬁed on the basis of their mass measure-
ments and quantiﬁcation was achieved by external calibration accord-
ing with the peak area in the chromatogram and the retention time
(RT) determined by appropriate standards (Sigma). Chromatograms
were constructed using Masslynx software (Waters, Milford, MA, USA).
To analyze the composition of FFA and chlorinated derivatives,
the following were evaluated: FFA: 12:0 was quantiﬁed by m/z 199
(RT 8.12 min), 14:0 by m/z 227 (RT 9.45 min), 16:0 by m/z 255
(RT 10.93 min), 16:1 by m/z 253 (RT 10.01 min), 18:0 by m/z 283
(RT 12.07 min), 18:1 by m/z 281 (RT 11.15 min), 18:2 by m/z
279 (RT 10.34 min), 18:3 by m/z 277 (RT 9.79 min), 20:1 by m/z 309
(RT 12.30 min), 20:2 by m/z 307 (RT 11.53 min), 20:3 by m/z 305
(RT 10.91 min), 20:4 by m/z 303 (RT 10.35 min), 22:4 by m/z 331
(RT 11.23 min) and 22:6 by m/z 327 (RT 11.06 min).
As Cl-FFAs: 16:1 ClOH was quantiﬁed by m/z 305 (RT 7.57 min),
18:1 ClOH by m/z 333 (RT 8.82 min), 18:2 ClOH by m/z 331
(RT 8.21 min), 18:2 2ClOH by m/z 383 (RT 6.6 min), 20:1 ClOH by m/z
361 (RT 11.24 min).
PLs were grouped in three types according to the chemical structure
and quantiﬁed as follows: phosphatidylcholine (PC) (RT 6.0–7.2 min),
phosphatidylethanolamine (PE) (RT 7.6–8.5) and phosphatidylserine
(PS) (RT 11.0–12.9 min).
All analyseswere performed in theMass Spectrometry service of the
University of Salamanca (Spain).
2.7. Myeloperoxidase activity
Neutrophil inﬁltration in peripancreatic adipose tissue was estimat-
ed bymeasuringmyeloperoxidase (MPO) activity, following amodiﬁca-
tion of the method previously described by Bhatia et al. [19]. Brieﬂy,
adipose tissue samples were resuspended in 50 mM phosphate buffer
(pH 6.0) containing 0.5% hexadecyltrimethylammonium bromide and
homogenized. After 4 cycles of freezing and thawing, the homogenates
were further disrupted by sonication. Samples were incubated at 60 °C
for 2 h and centrifuged afterwards at 10,000 g, for 5 min. Supernatants
were collected for MPO assay by incubation with tetramethylbenzidine
for 110 s at 37 °C. The reaction was stopped with 0.18M H2SO4 and the
absorbance was measured at 450 nm.
2.8. Treatment of pancreatic acini
After 12 h fasting and under anesthesia with sodium pentobarbital
(3 mg/100 g body weight, intraperitoneally), the pancreas of control
rats was removed in order to isolate pancreatic acini by digestion with
collagenase, following the method described by Gonzalez et al. [20].
Afterwards, pancreatic acini were resuspended in Na-HEPES solution
(pH, 7.4) enriched with 14 mM glucose and 1% essential amino acid
mixture and containing 1% (w/v) BSA, 0.01% (w/v) STI, 0.5 mM CaCl2
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Fig. 1. Myeloperoxidase (MPO) activity in peripancreatic adipose tissue of control rats
(AT-C) and necrotic areas of adipose tissue (AT-N) collected 6 h after inducing acute
pancreatitis (AP)with 5% of sodium taurocholate. Values aremeans± SEMofﬁve animals
per group (controls and AP). Student's t test showed signiﬁcant differences (p b 0.01) vs
control tissue.
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in the absence or presence of either lipids extracted from control
adipose tissue (AT-C) or necrotic adipose tissue (AT-N), FFA fraction
or Cl-FFA.
2.9. Lactate dehydrogenase (LDH) activity
Cell viability was estimated by determining lactate dehydrogenase
(LDH) activity according to the method of Gutmann andWahlefel [21].
Released LDHwasmeasured in the incubationmedium. Residual cellular
LDH was measured after lysis of pancreatic acini with a 50 mM Tris–HCl
buffer (pH 7.2) containing 50 mM β-glycerophosphate, 15 mMMgCl2,
15mMEDTA, 10mMPMSF, 1mMDTT and 150 μg/ml digitonin. Changes
in absorbance due to β-nicotinamide dinucleotide formation were re-
corded at 339 nm at 30 °C. We computed the total LDH and calculated
the LDH leakage as percentage of the total measured inside and outside
cells.
2.10. Cytoplasmic/nuclear lysate preparation
Pancreatic acini were resuspended in ice-cold hypotonic buffer,
pH 7.9 (10mMHEPES, 2mMEDTA, 25mMKCl, 0.5mMDTT) containing
cocktails of inhibitors of proteases (Sigma) and phosphatases (Sigma).
The mixture was kept on ice for 20 min. Then, 0.5% (v/v) Nonidet P-40
was added for 2 min, homogenized by passing through a syringe and
ﬁnally centrifuged at 14,000 g for 1 min at 4 °C. The supernatant
(cytosolic proteins)was removed and stored at−80 °C until use. Subse-
quently, the pellet was resuspended in 20 mM HEPES buffer, pH 7.9,
containing 1 mM EDTA, 1.5 mM MgCl2, 4.2 M NaCl, 0.5 mM DTT, and
protease and phosphatase inhibitor cocktails. The mixture was kept on
ice for 30 min and ﬁnally centrifuged at 14,000 g for 10 min at 4 °C.
The supernatant (nuclear extract) was removed and stored at−80 °C
until use.
2.11. Western blot analysis
Cytoplasmic and nuclear extracts from pancreatic acini (30 μg) were
individually separated by 12% SDS-PAGE and electrophoretically trans-
ferred to a nitrocellulosemembrane. Phospho-MAPKs (p-MAPKs) were
analyzed in cytoplasm and p65 and p-STAT3 in nuclear extracts. Non-
speciﬁc binding was blocked by incubating the blot in Tris-buffered
saline (TBS) pH 7.6, containing 0.1% (v/v) Tween 20 and 5% (w/v) non-
fat dry milk for 1 h. Afterwards, blots were incubated with the primary
antibody against each of the three p-MAPKs: p38, extracellular signal-
regulated kinase (ERK1/2) and c-Jun NH2-terminal kinase (JNK), p65
or p-STAT3 (Cell Signalling Technology, Beverly, MA) at 1:1000 dilution
in TBS buffer pH 7.6, containing 0.1% (v/v) Tween 20 and 5% (w/v) BSA
overnight at 4 °C. α-tubulin and lamin B1 (load control of cytoplasmic
and nuclear protein, respectively) were analyzed using respective anti-
bodies (Cell Signalling Technology, Beverly, MA). After washing for 1 h
with TBS containing 0.1% Tween 20, the blots were incubated for 1 h
at room temperature with the respective horseradish peroxidase-
conjugated secondary antibody at 1:2000 dilution in TBS buffer pH
7.6, containing 0.1% Tween 20 and 5% (w/v) nonfat dry milk and ﬁnally
they were developed for visualization. The bands were detected with
Phototope-HRP Detection kit (Cell Signalling Technology, Beverly,
MA). Image J 1.32 software from http://rsbweb.nih.gov/ij/download.
html was used to quantify the intensity of the bands. Relative protein
levels were calculated compared to the either α-tubulin or lamin B1
standards. Results are expressed as fold increase vs untreated cells.
2.12. Quantitative reverse transcription-polymerase chain reaction
(qRT-PCR)
Total RNA was extracted from pancreatic acini using RNAeasy kit
treated with ampliﬁcation grade DNase 1 (Qiagen, Valencia, Spain)according to themanufacturer's instructions. Purity of RNAwas veriﬁed
by ethidium bromide staining on 1% agarose gels and assessed by a 260/
280 ratio. The presence ofwell-deﬁned 28S and 18S rRNAbands veriﬁed
the integrity of RNA.
One microgram of total RNA was reverse-transcribed to comple-
mentary DNA (cDNA) using the iScript cDNA synthesis kit for RT-qPCR
(Bio-Rad Laboratories, Hercules, CA). cDNAwas ampliﬁed by a polymer-
ase chain reaction (PCR) on a StepOne systems (Applied Biosystems, CA,
USA) using IQ SYBR® Green Supermix (Bio-Rad Laboratories) and
speciﬁc primers (Roche) for each gene: CCL2 (NM_031530) forward:
5′-TAGCATCCACGTGCTGTCTC-3′ reverse: 5′-CCGACTCATTGGGATCAT
CT-3′; P-selectin (NM_013114) forward: 5′-TCTCCTGCAACGAGGAGT
TT-3′ reverse: 5′-GGTGTCGACAGGACATTGTG-3′; 18S (NM_046237)
forward: 5′-AGTCCCTGCCCTTTGTACACA-3′ and reverse: 5′-GATCCGAG
GGCCTCACTAAAC-3′. The cDNA was ampliﬁed by 40 cycles of denatur-
ation at 95 °C for 15 s, annealing at 60 °C for 30 s, and extension at 72 °C
for 20 s. Ampliﬁcations were performed in triplicate and the melting
curveswere analyzed to validate product speciﬁcity. The ratio of the rel-
ative expression of target genes to 18S (internal standard) was calculat-
ed by using the ΔΔCt method. Results were expressed as fold increase
over untreated cells.2.13. Statistical analysis
Results are expressed as means ± SEM. Statistical analysis was
carried out using analysis of variance (ANOVA) followed by Dunnett
test to evaluate signiﬁcant differences among treatments. Student's
t test was applied in experiments in which only two groups were com-
pared. p values lower than 0.05 were considered to be statistically
signiﬁcant.3. Results
3.1. Myeloperoxidase (MPO) activity
MPOactivity, as ameasurement of neutrophil inﬁltration in the tissue,
revealed a signiﬁcant (p b 0.01) accumulation of neutrophils in necrotic
areas of peripancreatic adipose tissue 6 h after inducing AP, reaching
values three times higher than in adipose tissue of control rats (Fig. 1).
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Analysis of lipid composition (Fig. 2) showed signiﬁcant differences
between control adipose tissue and necrotic fat of rats with AP. A signif-
icant (p b 0.01) decrease in the relative abundance of triglycerides to-
gether with a signiﬁcant (p b 0.01) increase in FFA content was found
in necrotic adipose tissue. Also, a signiﬁcant (p b 0.01) increase in the
PL ratio was found in necrotic adipose tissue of rats with AP in compar-
ison with control fat.
Fig. 3 depicts representative HPLC–MS chromatograms of FFAs,
Cl-FFAs and PLs of control and necrotic adipose tissues. The relative
abundance of individual FFAs and Cl-FFAs in both types of fat tissue is
detailed in Table 1. Palmitic acid (16:0), the most abundant saturated
FFA in adipose tissue, was found signiﬁcantly (p b 0.01) increased in
necrotic adipose tissue of rats with AP. Regarding unsaturated FFAs,
necrotic adipose tissue showed a decrease in monounstaurated FFAs
(MUFAs) and an increase in polyunsaturated FFAs (PUFAs), which
resulted in a signiﬁcant (p b 0.05) increase in the PUFAs/MUFAs ratio
in necrotic fat in comparison with control adipose tissue.
Cl-FFAswere undetectable in control adipose tissue (Fig. 3) but they
were found in necrotic adipose tissue of rats with AP, bis-chlorohydrin
of linoleic acid (C18:2 2ClOH) being the most abundant (Table 2).
3.3. Cell viability
The measurement of LDH leakage in pancreatic acini exposed to
different concentrations of lipid extract obtained from control or necrot-
ic adipose tissue showed dose-dependent changes in cell viability
(Fig. 4). Viability was maintained in values not signiﬁcantly different
to untreated cells when lipids from necrotic adipose tissue were used
at concentrations ≤2.5 mg/ml.
3.4. Inﬂammatory response to lipids
Treatment of pancreatic acini with lipids from adipose tissue from
controls or rats with AP resulted in a signiﬁcant (p b 0.01) increase in
the activation of all the three MAPKs (p38, ERK and JNK) in response
to samples obtained from necrotic adipose tissue, but no effect was
observed in response to control lipids (Fig. 5).
As Fig. 6 shows, lipids from necrotic adipose tissue increased the
activation of NF-κB and STAT3 transcription factors in pancreatic acini
as indicated by the signiﬁcant (p b 0.01) increase in p65 and p-STAT3
found in nuclear extracts. No effect on NF-κB and STAT3 activation
was found in response to control lipids.
Analysis of inﬂammatory mediators (Fig. 7) revealed that lipids ob-
tained from necrotic patches of adipose tissue signiﬁcantly increasedAT-N
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Fig. 2. Lipid composition of peripancreatic adipose tissue of control rats (AT-C) and necrot-
ic adipose tissue (AT-N) collected 6 h after inducing acute pancreatitis with 5% of sodium
taurocholate. Results are expressed as % (means ± SEM) of the total composition
(triglycerides: TGs, free fatty acids: FFAs and phospholipids: PLs). Number of samples = 4.
Student's t test revealed signiﬁcant (**p b 0.0 1) differences vs control tissue.the expression of CCL2 (p b 0.01) and P-selectin (p b 0.05) in pancreatic
acini. By contrast no effect was found in response to lipids from control
adipose tissue.
3.5. Expression of inﬂammatory mediators in response to FFAs and Cl-FFAs
The expression of CCL2 and P-selectin was analyzed in pancreatic
acini exposed to either the FFA fraction, enzymatically obtained from
lipids of control adipose tissue, or Cl-FFAs generated by reaction with
hypochlorite reaction. As Fig. 8 shows, both CCL2 and P-selectin were
signiﬁcantly (p b 0.05) overexpressed in pancreatic acini in response
to either themixture of FFAs or Cl-FFAs (100 μMand 300 μM). No signif-
icant difference was found between FFAs and Cl-FFAs when used at the
same concentration.
4. Discussion
Fat necrosis is a characteristic feature in human and experimental AP
[2,22] triggered by the enzymatic action of lipase and phospholipase
abnormally released through the basolateral membrane of pancreatic
acinar cells from early stages of AP. Different kinds of compounds gen-
erated in necrotic adipose tissue could be responsible for developing
more severe forms of AP, a hypothesis in line with the well-accepted
relationship between an excess of body fat and greater AP severity
[6,23]. These compounds could be accumulated in ascitic ﬂuid and
then reabsorbed to plasma. Nevertheless, as a result of metabolism,
changes from the original lipid composition have been reported [15].
For this reason, lipids were extracted from necrotic areas of adipose
tissue as the original source containing all lipid derivatives generated
by the action of the pancreatic enzymes and the inﬂammatory events
during AP.
Our results showed that pancreatic acinar cells, an important source
of inﬂammatory mediators in the course of AP [16], represent a target
for the lipid derivatives generated in peripancreatic fat necrosis. Suble-
thal concentration of lipids obtained from necrotic adipose tissue up-
regulated the expression of CCL2 and P-selectin in pancreatic acini.
These inﬂammatory factors were evaluated as representativemediators
for the attraction and adhesion of leukocytes, respectively. The data sug-
gest that by activating acinar cells to produce chemokines and adhesion
molecules, lipid compounds from fat necrosis could contribute to en-
hancing the recruitment of circulating leukocytes toward the gland,
thus exacerbating the severity of AP. Up-regulation of other key cyto-
kines (IL-1β, IL-6, CXCL1) should be expected on the basis that a similar
pattern for the different mediators has been reported in response to
inﬂammatory events [24]. Consistent with the previous studies [9,25]
MAPK pathway was activated in pancreatic acini by lipids, probably
due to the oxidative stress induced by FFAs [23]. In line with Navina
et al.'s study [6], acinar inﬂammatory response to FFAs was found to be
driven by NF-κB activation. However, the involvement of this pathway
may be cell-dependent, since THP-1 macrophages line overexpressed
cytokines in response to lipids from ascitic ﬂuid of rats with AP by
NF-κB-independent mechanisms [26]. STAT3 also showed to act as a
downstream signaling pathway in the acinar inﬂammatory response in-
ducedby fat necrosis. The involvement of STAT3 pathwaywas previously
demonstrated in the expression of cytokines in acinar cells isolated from
the pancreas of rats with AP [26] and in acinar cells from control animals
exposed to ascitic ﬂuid of rats with AP [27], suggesting that STAT3 tran-
scription factor is part of the regulatorymechanisms of the inﬂammatory
response in acinar cells.
Given the different lipid composition of control and necrotic adipose
tissues, it is interesting to investigate the ability of the different com-
pounds to exert pro-inﬂammatory effects on pancreatic acinar cells. As
expected, necrotic adipose tissue showed a signiﬁcant increase in FFAs
generated from triglycerides by lipolysis. In agreement with the previ-
ous studies [15], the enhanced neutrophil recruitment was evidenced
in necrotic areas of peripancreatic fat 6 h after inducing AP. As a result,
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Fig. 3. HPLC–mass spectrometric identiﬁcation of free fatty acids (FFAs), chlorohydrins of fatty acids (Cl-FFAs) and phospholipids (PLs) in peripancreatic adipose tissue of control rats
(AT-C) and necrotic adipose tissue (AT-N) collected 6 h after inducing acute pancreatitis with 5% of sodium taurocholate. Representative chromatograms show the retention time (RT)
and relative abundance (peak area) of individual FFAs (upper), Cl-FFAs (middle) and PLs (bottom) grouped according to the chemical structure containing phosphatidylcholine (PC),
phosphatidylethanolamine (PE) and phosphatidylserine (PS).
Table 1
Free fatty acids (FFAs) in the lipid fraction of control adipose tissue (AT-C) and necrotic ad-
ipose tissue (AT-N).
AT-C AT-N
FFAs % %
12:0 – 0.06 ± 0.02⁎
14:0 0.57 ± 0.05 0.47 ± 0.09
16:0 13.36 ± 0.13 18.75 ± 0.91⁎⁎
16:1 9.38 ± 0.32 3.37 ± 0.36⁎⁎
18:0 2.95 ± 0.99 4.68 ± 1.24
18:1 37.38 ± 2.23 29.54 ± 1.70⁎
18:2 28.04 ± 1.44 30.33 ± 1.89
18:3 – 2.78 ± 0.37⁎⁎
20:1 – 0.93 ± 0.20⁎
20:2 1.23 ± 0.36 0.80 ± 0.24
20:3 0.77 ± 0.13 1.27 ± 0.06⁎
20:4 4.67 ± 0.14 4.65 ± 0.54
22:4 – 0.75 ± 0.05⁎⁎
22:6 1.64 ± 0.13 1.62 ± 0.04
Ratio
SFAs/UFAs 0.20 ± 0.02 0.32 ± 0.02⁎
PUFAs/MUFAs 0.78 ± 0.08 1.25 ± 0.13⁎
Values are means ± SEM of four samples. Student's t test revealed signiﬁcant differences.
SFAs: saturated fatty acids, UFAs: unsaturated fatty acids,MUFAs:mono-unsaturated fatty
acids, PUFAs: poly-unsaturated fatty acids.
⁎ p b 0.05.
⁎⁎ p b 0.01.
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FFAs produced in the same environment led to the formation of
Cl-FFAs, bischlorohydrin of linoleic acid being the most abundant.
Although themore unsaturated FFAs are, themore likelihood for chlori-
nation they have, no trace of chlorohydrins of arachidonic acid was
found, probably due to the lability reported for this FFA in chlorination
reactions [28].
There is a broad evidence that FFAs are involved in the pathogenesis
and progression of AP, but their role is not yet fully understood. Cytotox-
ic effects have been reported for FFAs by inducing lipid peroxidation
[29], acting as detergents on cell membrane [30], inhibiting mitochon-
drial activity [6,10] and increasing intracellular calcium [10]. Moreover,
Cl-FFAs have demonstrated to be cytotoxic by disrupting themembrane
lipid bilayer structure because of their high polarity [14], or depleting
cellular ATP levels [31].Table 2
Chlorohydrins of fatty acids (Cl-FFAs) in lipids of control adipose tissue (AT-C) and necrotic
adipose tissue (AT-N).
AT-C AT-N
Cl-FFAs (nmol/mg FFA)
16:1 1ClOH – 0.09 ± 0.07
18:1 1ClOH – 0.34 ± 0.09
18:2 1ClOH – 0.23 ± 0.07
18:2 2ClOH – 0.65 ± 0.20
20:1 1ClOH – 0.17 ± 0.06
Values are means ± SEM of four samples.
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Fig. 4. Leakage of lactate dehydrogenase (LDH) from pancreatic acini 1 h after treatment
with different concentrations of lipids obtained from peripancreatic adipose tissue of con-
trol rats (AT-C) or necrotic adipose tissue (AT-N) collected 6 h after inducing acute pancre-
atitis with 5% of sodium taurocholate. Results are expressed as % of the total LDH
(measured inside and outside cells). Values are means ± SEM of ﬁve experiments.
ANOVA followed by Dunnett test showed signiﬁcant differences vs untreated acini
(*p b 0.05, **p b 0.01).
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Fig. 6. p65 and phosphorylated signal transducer and activator of transcription 3
(p-STAT3) in nuclear extracts of pancreatic acini treatedwith lipids (2.5 mg/ml) obtained
from peripancreatic adipose tissue of control rats (AT-C) or necrotic adipose tissue (AT-N)
collected 6 h after inducing acute pancreatitis with 5% of sodium taurocholate. Represen-
tative Western blots are shown in upper panel: lane 1: untreated acini, lane 2: AT-C-
treated acini, and lane 3: AT-N-treated acini. Relative intensity of the bands for either
p65 or p-STAT3 vs lamin B1 (loading control) was considered. Data (means ± SEM) are
expressed as fold increase vs untreated acini. Number of experiments: 5. ANOVA followed
by Dunnett test showed signiﬁcant differences vs untreated acini (**p b 0.01) and
between AT-C and AT-N (♦♦p b 0.01).
1884 A. Mateu et al. / Biochimica et Biophysica Acta 1842 (2014) 1879–1886We investigated the ability of FFAs and Cl-FFAs to induce inﬂamma-
tory response in pancreatic acinar cells. Our results evidenced that the
FFA fraction up-regulated CCL2 and P-selectinmRNA expression in pan-
creatic acini. This result combined with the larger FFA production leads
us to consider the increased FFA content in necrotic fat in the main
factor responsible for exacerbating the acinar inﬂammatory response
during AP. This ﬁnding is consistent with the notion that inhibition of
lipolysis may be an appropriate therapeutic strategy to limit the local
and systemic inﬂammatory response in AP and it would explain the
beneﬁcial effects of lipase inhibitors in the treatment of AP [6,32].
However, Cl-FFAs, at concentrations in the range found in ascitic
ﬂuid of rats with AP [15], did not vary the acinar inﬂammatory response
induced by unmodiﬁed FFAs. Different results were reported by Franco-
Pons et al. [15] who observed the up-regulation of TNF-α and IL-1β in
macrophages of control rats receiving intraperitoneal injections of
Cl-FFAs, suggesting a cell-dependent sensitivity to halogenated FFAs.p-ERK
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Fig. 5. Phosphorylated mitogen activated protein kinases (p-MAPKs): p38, extracellular
signal-regulated kinase (ERK) and c-Jun NH2-terminal kinase (JNK) in cytoplasmic
extracts of pancreatic acini treated with lipids (2.5 mg/ml) obtained from peripancreatic
adipose tissue of control rats (AT-C) or necrotic adipose tissue (AT-N) collected 6 h after
inducing acute pancreatitis with 5% of sodium taurocholate. Representative Western
blots are shown in upper panel: lane 1: untreated acini, lane 2: AT-C-treated acini, and
lane 3: AT-N-treated acini. Relative intensity of the bands for each p-MAPK vs α-tubulin
(loading control) was considered. Data (means ± SEM) are expressed as fold increase vs
untreated acini. Number of experiments: 5. ANOVA followed by Dunnett test showed
signiﬁcant differences vs untreated acini (**p b 0.01) and between AT-C and AT-N
(♦♦p b 0.01).In accordance with our results, we conclude that the presence of
Cl-FFAs in necrotic fat would not contribute to the inﬂammatory
response triggered by acinar cells during AP.
Both pro- and anti-inﬂammatory effects have been described for
FFAs, depending on their chemical structure and cell type [33]. On this
basis, the differences found in the FFA composition between control
and necrotic adipose tissues should also be considered. The previous
studies have concluded an enhancement of the inﬂammatory response
to saturated FFAs [34–36]. In line with the pro-inﬂammatory effects
demonstrated for palmitic acid (PA) in astrocytes [9] and macrophages
[34], we suggest that the increased PA content found in necrotic fat
could act as a contributing factor to the acinar inﬂammatory response.
Anti- and pro-inﬂammatory effects have been reported for MUFAs [8]
and PUFAs [6,10,36], respectively. Accordingly, the increased PUFAs/
MUFAs ratio found in necrotic adipose tissue could also be in part the
cause of the acinar inﬂammatory response.
Analysis of fat necrotic tissue also revealed an increase in phospholip-
id (PL) content, whichmay be the result of the adipocyte cell membrane
breakdown. The cytotoxic and pro-inﬂammatory effects reported for PLsAT-C
AT-N
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Fig. 7. mRNA expression of CCL2 and P-selectin in pancreatic acini treated with lipids
(2.5 mg/ml) obtained from peripancreatic adipose tissue of control rats (AT-C) or necrotic
adipose tissue (AT-N) collected 6 h after inducing acute pancreatitis with 5% of sodium
taurocholate. CCL2/18S or P-selectin/18S ratio was considered. Data (means ± SEM) are
expressed as fold increase vs untreated acini. Number of experiments: 5. ANOVA followed
by Dunnett test showed signiﬁcant differences vs untreated acini (*p b 0.05, **p b 0.01)
and between AT-C and AT-N (♦p b 0.05, ♦♦p b 0.01).
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Fig. 8.mRNAexpression of CCL2 and P-selectin inpancreatic acini treatedwith the fraction
of free fatty acids (FFAs) or chlorhydrins of FFAs (Cl-FFAs). CCL2/18S or P-selectin/18S
ratio was considered. Data (means ± SEM) are expressed as fold increase vs untreated
acini. Number of experiments: 5. ANOVA followed by Dunnett test showed signiﬁcant
differences vs untreated acini (*p b 0.05).
1885A. Mateu et al. / Biochimica et Biophysica Acta 1842 (2014) 1879–1886in different cell types [7,37] support the hypothesis that PLs could also
be involved in the inﬂammatory response induced by necrotic adipose
tissue in acinar cells.
Future studies should be planned to investigate how the relative
abundance of individual saturated and unsaturated FFAs and/or the
presence of high PL content in necrotic fat may inﬂuence the inﬂamma-
tory response triggered by pancreatic acinar cells during AP.
5. Conclusion
Our data provide evidence that lipid derivatives generated in necrot-
ic areas of adipose tissue during AP become inducers of inﬂammatory
response in acinar cells. FFAs up-regulated the expression of inﬂamma-
tory mediators in pancreatic acini, but no additional role is played by
their halogenated products, Cl-FFAs, generated as a result of themassive
neutrophil inﬁltration in necrotic fat. As FFAs are signiﬁcantly increased
in fat necrosis during AP, they may prove to be the main factor respon-
sible for triggering the inﬂammatory response in acinar cells, although
other changes in the composition of necrotic fat tissue such as the rela-
tive abundance of some of the individual FFA and the increase in PL
content cannot be discarded.
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